Countermeasures to biofouling in simulated ocean thermal energy conversion heat exchangers have been studied in single-pass flow systemis, hsing cold deep and warm surface ocean waters off the island of Hawaii. Manual brushing of the loops after free fouling periods removed most of the biofouling material. However, over a 2-year period a tenacious film formed. Daily free passage of sponge rubber balls through the tubing only removed the loose surface biofouling layer and was inadequate as a countermeasure in both titanium and aluminum alloy tubes. Chlorination at 0.05, 0.07, and 0.10 mg liter-' for 1 h day'1 lowered biofouling rates.
seawater was much slower than in the warm surface waters. Tubing in one stainless-steel loop had a barely detectable fouling layer after 1 year in flow. With aluminum alloys sufficient corrosion and biofouling material accumulated to require that some fouling coutermeasure be used in long-term operation of an ocean thermal energy conversion plant.
The ocean thermal energy conversion (OTEC) system connects a large heat source of warm surface ocean water and a potentially unlimited volume of deep cold ocean water with a heat engine to drive a conventional electricityproducing turbine generator. In a closed-cycle OTEC plant heat exchangers (HXs) extract the thermal energy from warm ocean waters. A small fraction of that energy is converted to electrical power and waste heat is rejected through a second HX to cold water pumped from the ocean depth. Solar energy absorbed by the ocean surface provides the heat source.
The efficiency of the OTEC system is inherently low. The theoretical maximum based on the temperature difference between the water masses is only 6 to 7%. Thermal losses, the power requirements to pump large volumes of seawater and working fluid, power losses in turbines, generators, by microbiofouling (the attachment arid growth of microorganisms and their products on the HX surfaces), and corrosion of these HX surfaces by seawater are critical problems to be overcome if OTEC systems are to become a practical reality. All of these factors may reduce the net efficiency to as little as 1 or 2%.
Unlike conventional power plants, however, the OTEC system uses an inexhaustible and virtually cost-free fuel which offsets the inherently low thermnodynah-iic efficiency and will make it a competitive alternative to energy generated from increasingly costly fossil and nuclear fuels.
Many microorganisms adhere to surfaces, often with specificity and considerable firmrness. Chemical receptors on the surfaces of the cells or their appendages and in their extracellular secretions may bind the cell to other surfaces * Corresponding author. and structures. In bacteria, in particular, exopolysaccharides (2) are secreted by the cells to form masses of fibers which have been termed "glycocalyx" (3) . The bacterial cell surfaces and the adhering polymers are in turn suitable loci on which other bacteria and particulate materials may attach or on which inorganic precipitates may forrn. Such accumulations may be termed biofilms. A film only ca. 25 to 50 ,um thick may further reduce by 40 to 50% the heat transfer efficiency of the HXs, rendering the entire OTEC system economically impractical.
This paper reports studies of microbiofouling and countermeasures to control or retard it. Long-term experiments are reported using open loops through which either surface warm water or deep cold sea-water flows year-round and continuously. The experiments have run for several years. They are part of an integrated program to determine the materials and conditions required for long-term OTEC operation.
MATERIALS AND METHODS
Site and experimental setups. The experimental site was at the Seacoast Test Facility at Ke-ahole Point on the western tip of the island of Hawaii. The surface (warm) water ranges between 24 and 280C and it is collected from about 100 m offshore. There, a large gyre of current brings in open ocean water. The shoreline is arid and mainly lava rock with relatively little vegetation. Most of the year, there is little rainfall and terrestrial runoff. The bottom drops off rapidly. The warm water is pumped through two 0.3-m-diameter polyvinyl chloride pipes to large header tanks from which the experiments are fed by gravity.
The cold water intake is located at a depth of -580 m, -20 m above the sloping ocean floor some 1,400 m from the placed in a model Vi2 vibrating ballistic disintegrator (RHO Scientific Co., Commack, N.Y.) and shaken at approximately 100 Hz for 5 min. After allowing the glass beads to settle, the supernatant fluid was removed. Two milliliters of glass double-distilled water was added to the sample, and the film removal procedure was repeated twice. The aqueous suspensions were pooled.
For kinetic studies, fouled samples were progressively ballistically extracted with eight sequential 5-min treatments. The extracts were analyzed individually.
Aliquots (1 ml) of the extracts were hydrolyzed in 4 N HCl at 121°C for 1 h. The hydrolysates were then dried over P205 and NaOH in vacuo at 55°C overnight. For each sample two vials of hydrolysate were used. Each hydrolysate was taken up in 0.1 ml of glass double-distilled water and pooled for analysis. A 20-,ul portion of pooled hydrolysate was added to Figure 1 shows part of the data from loop 1. The experiment ran for -3.5 years, although biofouling coupons were installed and replaced at various times. Early samples were undated. The loop was allowed to free-foul until the HTR reached Rf -9 (which took between 28 and 42 days). It was then brushed to bring the HTR to near 0.
Microscopically, films were complex with filamentous organisms of various sizes and colonies of cocci, rods, and other forms all imbedded in a glycocalyx matrix. Macroscopically, the films appeared evenly dispersed and quite thin. The DW never exceeded 150 ,g cm-2 and the OC plus TN averaged -29 jxg cm-2, although the HTR was approximately at Rf 9.
The recalcitrance of older films to removal was tested kinetically. Figure 2 shows the kinetics of film removal as functions of the time of extraction and the actual days in flow. Table 2 shows the percentage of the total film removed by extraction for 15 min.
The data show that long periods of time in the flow and frequent brushings produced an increasing film tenacity.
(b) Loop 5 (Alclad 3003, free-fouling and periodically brushed). Figure 3 summarizes some data from loop 5. The experiment had been running for -3.5 years. Biofouling samples were installed in the loop 376 and 667 days after the start of the experiment and additional replacement samples were added between days 700 and 900. None of these samples were labeled, although their positions in the loop were noted.
Tubes were let free-foul from 26 to 43 days until the HTR reached Rf 9. They were then brushed back to Rf 1.5 to 2.5.
The period between brushings was influenced by the condition of the bristle brushes and seasonal factors, in particular, water temperature. Film DW and OC-plus-TN analyses and SEM photographs (see Fig. 3 and 4B) demonstrated that there was always a fouling film residue after brushing. The bacterial flora also changed with time. Forms evident in Fig. 4A include prosthecate and spiral or colonial hat-shaped bacteria. The latter have not been previously described to our knowledge.
Before brushing, the inner tube surfaces appeared smooth and evenly coated with a layer which varied from off-white to pale yellow. SEMs showed that the tube surfaces were covered with complex films similar in appearance to those found in (titanium) loop 1. After brushing the surface ap- peared streaked in the direction of the brushing. The DW of the extracted films just before brushing varied from 286 to 460 ,ug cm-2 which depended on the age of the sample, i.e., the number of free-fouling/brushing cycles and the efficiency of the brushing procedure itself. The OC-plus-TN values averaged 24 ,ug cm-2, values which were slightly lower than those in loop 1. HTR values before brushing varied from Rf 9 to 11.
(ii) Sponge rubber balls as a fouling countermeasure. (a) Loop 2A, which ran for 34 months, using Amertap sponge rubber balls and titanium tubing. Only 6.5 months of this experiment is shown in Fig. 5 . The HTR increased slowly compared with untreated free-fouling surfaces (Fig. 1) measurements, biofilm analyses, and both macroscopic and microscopic examination of coupon surfaces all showed that the cleaning by the sponge rubber balls was not complete. SEM and macrophotographs indicate that the scrubbing action was irregular giving rise to a combed-like appearance on the biofouling layer. The microflora was much less diverse than that found on free-fouling surfaces (Fig. 6) . Manual brushing was required periodically to bring the HTR back to near zero. Following each such brushing the film reformed at a greater rate than the previous cycle despite the daily sponge rubber ball treatment. For example, in one cycle towards the end of the experiment, it took 192 days to reach Rf 9. In the next cycle, it took 128 days. This represents a 1.8-fold fouling rate increase.
Except for the first 10 min of film extraction from loop 1, first-order kinetics, which are characteristic of ballistic treatments of homogeneous layers, occurred in samples from loops 1 and 2A. This is indicated in Fig. 7 ; the lines in the semilog plot are both straight and parallel after 10 min of treatment.
(b) Loop 2B (aluminum type 3004 treated with sponge rubber balls with occasional brushing). In June 1984, loop 2A was dismantled, acid cleaned, and refitted with aluminum type 3004 parts. Flow was restarted and the sponge rubber ball treatment was resumed (Fig. 8) . In the first cycle, the time to foul to Rf9 was -73 days. After brushing the Rf again rose to 9 in -20 days, with the third and fourth cycles taking only 17 and 18 days, respectively.
Manual brushing of the aluminum surface was not as effective as with the titanium loops. The data show that none of the measured parameters returned near to their starting values. The experiment was stopped after 5.5 months, when it was evident that this use of the sponge rubber balls was not an effective countermeasure on the aluminum alloy.
SEMs showed that on the fouled surface of aluminum type 3004, bacteria are both attached to the surface and imbedded in the aluminum hydroxide layer (Fig. 9) . Chemical Figure 12 is a diagram of the setup for loop 3 and other loops showing the general positioning and the numbering system for biocoupons as used in this study.
(ii) Biofouling and position of samples in the loop. There is evidence to indicate that with chlorination at low levels (e.g. 0.05 mg liter-') the hypochlorite generated was not uniformly in the bulk water as it flowed through the HTMs.
Thus the HTM and those coupons closest to it were probably "cleaned" with more than 0.05 mg of hypochlorite liter-. Based on the appearance of the biocoupons, uniform mixing appears to have occurred by 1 m downstream of the chlorinator. Chlorination caused small pieces of the fouling layer to slough off periodically. The resulting surface roughness produced added turbulence which in the HTM results in lowered values of HTR. The level of residual chlorine was measured on several occasions to be 15 to 20% lower at the far end of the loop than just downstream of the HTM. Over a period of -3 years a 1-to 2-mm-thick biofouling layer resulted. Figure 13 shows the effect of the time in flow on biofilm development. Only the data points for the sample closest to the HTM and the chlorinator (in the 1-1 position) are not on the curve. Additional data shown in Table 3 that, except near the HTM, the amount of biofouling is not dependent on the position of the sample in the loop.
The lumpy and patchy coating on the HTM surface at the end of the 1,300-day experiment was not indicated by the low HTR values. (Fig. 1SA) . Four months later the film had become more complex (Fig. 15B) a higher Rf value. Similar increases occur for OC, TN, and film DW. Table 4 shows that for the second and third fouling cycles, at comparable Rf values, the biofouling parameters are not the same; an uneven removal of the fouling film changes the heat transfer properties of the system. Similar observations were made for loop 6. components of the film constituted only -3% of the total film weight. Only filamentous bacteria were observed in the films from the cold-water aluminum loops (Fig. 19) . DISCUSSION Studies of film formation in model laboratory systems have shown a direct correlation between nutrient concentration in the bulk phase and both the rates of film formation and film thickness so long as nutrient concentrations are not excessive (1, 8) . At nutrient levels in which heterotrophic bacteria are commonly cultured in the laboratory, adhesion by bacteria to solid surfaces is generally weak.
In these studies, we noted that the fouling rates increased during the summer and autumn months when the surface waters approached 30°C and the dissolved OC ranged from 0.76 to 1.14 versus 0.38 to 0.76 mg liter-' during winter and spring. The dissolved OC was consistently found to be -95% of the total OC.
The experimental setup at the Seacoast Test Facility is unique in that some experiments have been maintained to date for well over 3 years, using single-pass (once-through) flow systems.
The types of countermeasures which can be tested in these systems is more limited than in recirculating laboratory, pilot, or industrial reactors. Surfactants and high concentrations of other reagents may not be used for economic or environmental reasons. Chlorination is the method most used in industry for biofouling control. These studies provide a base line for the chlorination of seawater systems, using single-pass flow. Because of the huge surface areas and volumes and high flow velocities in OTEC HXs, countermeasures must be optimized. We have used low concentrations of chlorine, usually 0.05 to 0.10 mg liter-', because of the low organic content of the seawater used.
For analysis, chlorine samples were taken downstream of the chlorinator either about 0.3 or 5 s after its generation. No measure of the actual chlorine consumed in those intervals is available as the water passed through the HTM or the entire loop. All chlorination treatments resulted in readily measured decreases of the biofouling rates. Use of 0.05 mg liter-' for 1 h day-' was inadequate as a fouling countermeasure. The minimum chlorine concentration which might be used under the field conditions tested is 0.1 mg liter-1 for 1 h day-'. Continuous chlorination at the same concentration was not adequate to clean prefouled tubes.
Cleaning by chlorination led to changes in the smoothness of the biofilms. These, in turn, affected the HTR measurements, which led to the belief that the tubes were clean. In fact, the biofouling layers caused increased turbulence which lowered HTR below that expected from the other analytical data. The same observation was made by Tosteton et al. (7) in reference to mechanical cleaning regimes and in very early fouling (6) . showed that abrasive-coated sponge rubber balls could be used effectively in titanium tubing to remove fouling layers without appreciably eroding the metal. The same type of countermeasure caused rapid wear of aluminum and copper alloys. Use of the plain sponge rubber balls retarded but did not control fouling film formation. They only removed the looser adhering surface layers. The resulting biofilm underlayers were dense and recalcitrant to removal in situ and in the laboratory. We have noted seasonal and unexplained changes in the types of organisms which populate the biofilms. While a diverse range of microorganisms has been noted in the fouling layers, there is no visual evidence that any eucaryotic organisms colonize the loops. Entrapment of diatoms, whole or fragmentary, and portions of differentiated algae and other organisms have been noted in SEM preparations. The absence of light and the high velocity of the water in the tubing apparently prevents their colonization. Direct measurement for constituents specific to eucaryotes or procaryotes and other parameters of community structure by the techniques developed primarily by Nickels et al. (4) and by Uhlinger and White (9) In these experiments, however, surfaces were cleaned whenever the HTR rose above Rf 9. For nonturbulent flow this HTR was reached when the wet film thickness was about 50 to 60 ,um. That some coupons were retrieved after several years in the warm-water loops having biofilms 20 to 40 times thicker demonstrates the need to use more than HTR alone to monitor the course of fouling in this type of tubular HX system. The OC/TN weight ratios in the fouling layers were not significantly different on the various metal surfaces and did not vary significantly (P = 0.001) between thick and thin films except on aluminum alloys.
In loop 5 the OC/TN ratios before brushing averaged 3.90 ± 0.23 and 5.55 ± 1.85 after brushing. This suggests that most cellular material is removed from the hydrated oxide layer by brushing, leaving behind much of the base slime layer on or in the remaining underlying corrosion layer.
In aerated seawater, aluminum oxidizes to form a hydrated aluminum oxide layer. The corrosion process goes rapidly at first but slows as the diffusion of oxygen becomes limited by the Manoa, 1985) recently showed that a fouled titanium surface can be resolved into three layers: (i) the loose outer layer mentioned above, (ii) a tougher older film which gradually develops under it and which is believed to contain mostly inorganic material accounting for much of the film DW, and (iii) the thin TiO2 protective barrier covering the bare metal. 
